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We propose a novel setup for a spin-torque oscillator reader in magnetic hard disk drive technol-
ogy. Two adjacent bit tracks are to be read simultaneously, leading to high data transfer rate and
increased resilience to noise as the lateral size of the oscillator device is allowed to remain larger
than the bit width. We perform micromagnetic simulations of an example system and find that
the magnetization response has a clear unimodal character, which enables for detection of two bit
values at the same time. We analyze the frequency of the device under the influence of two different
external fields and conduct a simulation of a successful dynamic readout. We estimate the signal
linewidth and signal-to-noise ratios of the setup and show that it may be potentially beneficial for
magnetic readout applications.
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I. INTRODUCTION
Spin-torque oscillators (STOs) are a class of devices
which has attracted considerable attention because of
their possible applications in microwave technologies,
magnonics or magnetic field detection for magnetic
recording purposes1–17. In the context of hard disk drive
(HDD) reading head, various advantages of an STO de-
vice has been pointed out, including high data-transfer
rate15,18,19, good scalability19 and ability to selectively
read signal from multilayer media16. However, the devel-
opment of STO readers has been hindered by their poten-
tial vulnerability to magnetic noise, which becomes more
problematic as the size of the device decreases, leading
to smaller free layer volumes and therefore bigger spec-
trum linewidths14,20,21. From the noise perspective, it
would be beneficial for STO devices to remain relatively
large. On the other hand, increasing HDD data storage
areal density necessitates usage of readout devices with
better spatial resolution. In fact, the lateral size of an
STO reader has been often implicitly assumed to directly
correspond to the size of the recording bit15,17,20. We
propose a novel readout configuration which could allow
such a device to read two parallel bit tracks simultane-
ously, leading to higher data-transfer rate and decreased
magnetic noise levels, since the size of the reader can be
now kept considerably larger than the size of the media
bit. We perform micromagnetic simulations of an STO
reader detecting two magnetic field values simultaneously
and show that the magnetization response remains uni-
modal and that it can be possible to easily discern be-
tween all four possible states. We present a simulation of
a dynamic readout of a random two-bit sequence utilizing
an injection lock technique. Finally, we analyze linewidth
and signal-to-noise (SNR) ratio of STO working in uni-
form or non-uniform fields and show that the setup we
propose may be highly beneficial in terms of data transfer
rate or decrease of the magnetic noise, which can prove
crucial for STO applications in magnetic recording.
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FIG. 1: Simplified scheme of the considered readout setup.
II. MICROMAGNETIC SIMULATIONS OF A
TWO-BIT READER
A simplified scheme of the readout setup we con-
sider is presented in Figure 1. The STO is assumed to
move along a magnetic media track and its lateral size
w1 + w2 is assumed to be larger than the width of a
single track w1, but at the same time smaller than the
width of two adjacent tracks combined, so that the con-
dition w1 + w2 < 2w1 is satisfied. For simplicity, we
neglect the presence of gaps between tracks. Such posi-
tioning of the STO reader should allow fields from both
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2bit tracks to interact with the free layer magnetization
and differentiation between "01" and "10" two-bit states
should in principle be possible thanks to the asymmetry
condition w1 > w2. However, the character of the STO
magnetization response to an explicitly non-uniform field
originating from bits representing opposite values is not
clear, given that most theoretical and experimental re-
search concerning the STO dynamics have so far assumed
a spatially uniform field. While a few works have already
investigated the consequences of field non-uniformity in
certain specific scenarios17,22,23, they tended to focus on
stray field inherent inhomogeneities as a mostly detri-
mental effect. On the contrary, we propose to take ad-
vantage of the inhomogeneity introduced by the readout
setup (Fig. 1) to detect multiple bit values simultane-
ously. In this section, we will describe the micromagnetic
simulations we performed in order to investigate such a
possibility.
A. STO frequency oscillation
We analyzed a magnetic tunnel junction system based
on our previous work17, which consisted of a synthetic-
antiferromagnet (SAF) structure, a non-ferromagnetic
barrier of 1 nm thickness and a free layer (FL) of 2 nm
thickness. The FL was assumed to be of circular shape
with diameter equal to 50 nm and its saturation magne-
tization was set to 1400 kA/m. A small uniaxial in-plane
anisotropy of 2 kJ/m3 was introduced in the FL along
the axis orthogonal to the reference layer easy axis, sim-
ilarly to the concept presented in24. The dipolar field
Hdip produced by the SAF structure in the FL volume
was not equal to zero, but had a small constant value
of µ0Hdip = 12.1 mT, which allowed the device to work
stably under both negative and positive external fields.
The exchange constant was set to 1.3 × 10−11 J/m and
the discretization cell size was set to 2 × 2 × 1 nm3. To
perform micromagnetic simulations, we utilized OOMMF
package25 with our custom software26,27. The magneti-
zation dynamics was governed by the Landau-Lifshitz-
Gilbert equation with Slonczewski’s term28–31, where the
input current was assumed to originate from a constant
voltage source and the magnetoresistance was calculated
dynamically in each simulation cell26. A detailed descrip-
tion of the simulated system dynamics, including Arnold
tongue and injection lock behavior, is provided in our
previous work17.
In order to investigate the STO response to a two-bits
scenario depicted in Fig.1., we assumed w1 equal to 30 nm
and w2 equal to 20 nm, with total lateral size of the de-
vice 50 nm. Because of circular geometry of the system,
the ratio between left and right volume parts was equal to
approximately 63:37 as opposed to 30:20. For simplicity,
stray field value decreasing with the increasing distance
from the media surface was neglected and both exter-
nal fields were assumed to be spatially uniform in their
respective w1,w2 areas. We considered a two-bit setup
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FIG. 2: FFT spectra presenting STO response frequency for
all four two-bit states.
with both field amplitudes set to ± 5 mT, which resulted
in four total scenarios corresponding to the following bit
pair values: "11" (both fields set to +5 mT, average field
in FL +5 mT), "10" (field in the left part +5 mT, field in
the right part -5 mT, average field in FL +1.3 mT), "01"
(field in the left part -5 mT, field in the right part +5
mT, average field in FL -1.3 mT) and "00" (both fields
set to -5 mT, average field in FL -5 mT). The fast Fourier
transform (FFT) of the device magnetization response to
magnetic fields corresponding to all four possible two-bit
states is presented in Figure 2. One can see that the mag-
netization oscillation retains a clear unimodal character
even when the device is subjected to two different mag-
netic fields originating from bits with opposite values.
Because of the spatial asymmetry of the setup, "01" and
"10" scenarios are easily discernible. Moreover, neither
the signal amplitude nor the response linewidth showed
a significant detriment in "01" and "10" scenarios when
compared to unifom "00" and "11" scenarios. A more
detailed analysis of the linewidth behavior, including in-
fluence of temperature effects, will be provided in section
III. By careful manipulation of w1 and w2 ratio, as well
as other STO parameters, further optimizations in terms
of frequency change from one state to another are also
possible.
Apart from the specific usage scenarios described
above, it is possible to analyze the STO frequency in a
non-uniform magnetic field in general. Figure 3 presents
the STO frequency deviation from the uniform case as a
function of the average FL field obtained from a set of
micromagnetic simulations. Here, we assume w1 = 30
nm, w2 = 20 nm, the field applied to the right part H2
is always equal to +5 mT while the field applied to the
left part H1 is swept in order to obtain different aver-
age fields (Haverage = 0.63 · H1 + 0.37 · H2). The spe-
cial case of Haverage = H1 = H2 = +5 mT, where the
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FIG. 3: Frequency difference between the uniform field sce-
nario and the setup shown in Fig. 1 as a function of average
field in the free layer. The dashed line indicates the H1 = H2
= +5 mT data point where uniform and non-uniform cases
are indistinguishable.
non-uniform field case is reduced to the +5 mT uniform
field case, is indicated by the dashed line (Fig. 3). One
can see that the absolute value of frequency deviation
has an approximately parabolic character, increasing for
larger degrees of field non-uniformity (note negative scale
in Fig. 3.). However, for the proposed usage scenarios
where Haverage is equal to +1.3 mT or -1.3 mT, the dif-
ference remains relatively small and does not exceed 0.1
GHz.
B. Hard disk media readout simulation
After analyzing the system behavior in stationary
states, we performed a simulation of a dynamic hard
disk media readout. An example sequence of several two-
bit pairs was generated and the corresponding magnetic
fields were applied to the left and right parts of the free
layer. The field amplitude remained the same as in the
previous subsection and the state was changed every 0.5
ns, which corresponds to a nominal data transfer rate of
2 Gb/s. We note that the actual data transfer rate is
higher because of the fact that two bit tracks are read
simultaneously and equals 4 Gb/s in this scenario. The
setup we propose can thus be understood as a method to
enhance data transfer rate value while keeping the phys-
ical speed of the device the same.
Figure 4 presents an instantaneous frequency of the
simulated STO device (red line) as a function of time,
with bit pair values (black line) denoted symbolically as
approximate frequency levels corresponding to their re-
spective field amplitudes. On the right side of the figure,
a schematic picture of each two-bit scenario can be seen.
The instantaneous frequency was defined as a derivative
FIG. 4: Simulation of storage media readout. The red line
represents instantaneous STO frequency as a function of time.
The black line represents approximate expected frequencies
based on the average magnetic field from the two-bit state.
of instantaneous STO phase with respect to time and it
was calculated using a Hilbert transform of the system
resistance and a 2 GHz low-pass filter15,17. One can see
that the device frequency closely follows the expected
levels and allows to obtain both bit values easily, leading
to a successful readout characterized by a data transfer
ratio twice as high as in the case of a single-track readout.
III. INFLUENCE OF MAGNETIC NOISE
The micromagnetic simulations described so far have
been performed under the assumption of zero tempera-
ture. However, one of the main advantages of the pro-
posed setup is, supposedly, its increased resilience to
magnetic noise which is an effect inherently connected
with the presence of non-zero temperature. Therefore, it
would be useful to perform additional simulations includ-
ing also thermal effects, to check whether the assumed
magnetic field inhomogeneity can result in additional line
broadening in the FFT spectrum of the device response.
Additionally, the SNR ratio of an STO reader depends
on the difference between readout frequency levels14 and
the setup we propose introduces additional levels inside
the readout range. As a result, an estimation of the re-
spective SNR levels is needed in order to compare the
influence of this effect and volume decrease effect.
A. Micromagnetic simulation of thermal effects in
a two-bit reader
In order to investigate the linewidth changes in the
two-bit reader compared to the single-bit reader scenario,
4we performed micromagnetic simulations of the device
described in section II in the presence of thermal effects.
Since the device linewidth can depend on the current
amplitude, a set of simulations for different current am-
plitudes was carried out. The positive magnetic field of
+1.3 mT was chosen, and it was applied to the free layer
of the device either in a uniform manner, or as the "10"
scenario where field in the left part of the device was
equal to +5 mT and field in the right part of the device
was equal to -5 mT. The thermal effects were modelled
as a white Gaussian noise which was added to each mag-
netization cell vector independently in each simulation
step. After initial magnetization relaxation, the system
was simulated for 50 nanoseconds and the FFT response
was calculated, similarly to what was presented in section
II A. We repeated the simulation for each current ampli-
tude four times using different random number genera-
tor seeds and the results were averaged to better capture
the response linewidth. The exact linewidth value was
obtained from fitting a Gaussian curve to the averaged
result.
Figure 5. presents the simulated full width at half
maximum (FWHM) of the device response spectrum as a
function of current amplitude, for both the uniform case
(black line and points) and the non-uniform "10" case
(red line and points). One can see that the linewidth
values in both cases remain similar for a wide range of
current amplitudes. In fact, the linewidth in the double-
field scenario turns out to be about 30% lower on av-
erage. We hypothesize that the exact physical origin of
this phenomenon may be connected with the free layer
becoming more magnetically stiff or with the overall pre-
cession cone angle decreasing in the double field scenario.
Nonetheless, we conclude that the typical linewidth of the
STO reader in the setup presented in Figure 1. should
be at most comparable to that of a single-bit reader, and
that no significant line broadening has occurred despite
the external field inhomogeneity. We also note that the
curves presented in Fig. 5. show qualitative agreement
with the expected dependence for in-plane magnetized
STOs32.
B. Signal to noise ratio estimations
The SNR ratio for an STO-based magnetic recording
reader can be expressed as14:
SNR = const · ln
(
2ln(2)
(
∆f
τ
)2)
, (1)
where ∆f refers to the difference between frequency lev-
els used for readout and τ is the FWHM of the magneti-
zation response spectrum. In the usually assumed setup,
only two frequency levels are utilized, corresponding to
either positive or negative external field value. On the
contrary, in the setup we propose there are four possible
frequency levels. Therefore, the minimal difference be-
tween readout frequency levels in our setup ∆f ′ is lower
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FIG. 5: Simulated FWHM of the device response spectrum
as a function of spin-polarized current amplitude for uniform
field (black) and double field (red) scenarios.
than the corresponding ∆f of the same device. The exact
value of this decrease depends on the system parameters.
Here, we will use an approximation ∆f ′ = ∆f/3, which
is equivalent to assuming that the additional frequency
levels visible in Figs. 2 and 4 are evenly spread. At the
same time, the linewidth of the device has been shown
to be inversely proportional to the free layer volume V 18,
which can be expressed as τ = β0/V , where β0 is a cer-
tain volume-independent constant. As a result, we can
obtain the following condition for equal SNR values in
uniform and double field scenarios:
r′ =
√
3β′0
β0
r, (2)
where r and r′ refer to the lateral sizes of the (circular)
device in uniform and double field scenarios while β0
and β′0 refer to the respective size-independent constants
determining FWHM levels. If we assume that β0 = β′0
(size-independent factors the same in both scenarios), a
double-bit reader of 50 nm diameter is expected to have
the same SNR as a single-bit reader of approximately 29
nm diameter, while retaining twice as high data transfer
rate. Moving further, if we assume β′0 to be 30% lower
than β0, as indicated by the simulations described in
the previous paragraph, a double-bit reader of 50 nm
diameter will have the same SNR as a single-bit reader
of approximately 35 nm diameter, which means that in a
w1 = 30 nm, w2 = 20 nm usage scenario both SNR and
data transfer rate would be improved. These calculations
do not take into account other effects of decreased size,
such as different current threshold, decreased dipolar
coupling field between the free layer and other junction
layers, or changes in shape anisotropy. Nevertheless,
the obtained results show that the proposed setup can
lead to substantial benefits from the STO usage in
5HDD readout point of view. Depending on particular
technological requirements and choice of STO size,
these benefits could mean increased data transfer rate,
increased SNR value or a combination of both of these.
IV. SUMMARY
We have presented a novel setup for simultaneous
detection of two storage bits with spin-torque oscilla-
tor. The micromagnetic simulations have shown that the
magnetization response can remain unimodal under non-
uniform external magnetic field and that differentiation
between "01" and "10" is possible for asymmetric geom-
etry of the setup. We have performed a successful read-
out simulation with all four combinations of bit values
included. We have calculated the oscillator linewidth as
well as estimated the signal to noise ratios in the dou-
ble field scenario and found that the proposed setup can
prove beneficial in terms of higher data transfer rate or
increased resilience to thermal noise.
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